This paper presents the results of numerical and experimental investigations to evaluate the distribution of exhaust gas recirculation (EGR) between cylinders in a DI turbocharged diesel engine. The turbulent three-dimensional flow field was analyzed by the numerical solution of conservation equations with an appropriate turbulence model. EGR was applied to intake manifold with various rates at cooled and non-cooled states. The experiments were conducted on an MT4.244 turbocharged DI diesel engine under full load condition at 1900rpm. The model was validated by experimental data with a good agreement between experimental measurements and numerical predictions. Using this method, it is possible to control EGR distribution so as to reduce emissions formation as well as to improve performance.
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NOMENCLATURE

INTRODUCTION
DI diesel engines are the main power unit for heavy duty vehicles because of high thermal efficiencies, resulting from their high compression ratio and fuel lean operation. Extra oxygen in the cylinders is needed to facilitate complete combustion and also to compensate non-homogeneity of fuel distribution in cylinder. However, high flame temperatures are predominating because of formation of locally stoichiometric air-fuel ratio zones in such heterogeneous combustion processes [1] . Consequently, Diesel engine combustion generates large amounts of NOx emission because of these high flame temperature zones in the cylinder [1, 2] . Exhaust gas recirculation into the intake manifold is a very effective method for reducing combustion temperatures and NOx emissions in conventional diesel engines. Attempting to decrease NOx emissions by applied EGR involves a complex phenomenon which might even increase NO X production [3] .
Over the years, various experimental and numerical reports regarding the use of EGR in internal combustion engines have been published. The results of these studies are presented in detail as follows: Hentscheland et al [4] investigated the formation of soot in a 1.9 L DI diesel engine under various EGR rates and found that with increasing EGR rates, the amount of soot formed slightly increases, but the amount of soot oxidized during combustion decrease significantly. Ladommatos et al [5] conducted a detailed study about the effects of EGR on formation of emissions formation in a 2.5 L, four-cylinder DI diesel engine. Their results showed that the reduction in NOx emission and the increase in particulate emission due to EGR could mainly be attributed to the dilution of charge. Cherian et al [6] showed that the distributions of fuel and oxygen mass in a larger mass in the premixed-burn region for higher EGR conditions and implying higher potential for heat release during the premixed burn. According to the experimental result of this study, an increasing ignition delay by increasing EGR does not decrease the equivalence ratio that would be required for reducing soot formation. The research of Hountalas et al [7] showed that no compromise should be made between NO X emissions and engine efficiency while using cooled EGR. Furthermore, cooled EGR is necessary to prevent soot emissions from rising to unacceptable levels. The need for EGR cooling is more evident at high EGR rates and low engine speeds. From the theoretical investigation it has been revealed that a different effect of EGR temperature is to be expected at part load operation. Saleh [8] carried out an experimental investigation about the effect of exhaust gas recirculation on exhaust emissions and performance in a diesel engine operating with jojoba methyl ester, and concluded that the using an EGR cooler at full load has a positive effect on improving the engine economy and decreasing the exhaust emissions. Mobasheri et al [9] carried out a numerical analysis in order to explore the combined effects of split injection strategies and EGR on engine performance and emission formation in a heavy duty DI-diesel engine. The results show that although EGR has a positive effect on NOx reduction by lowering peak cylinder temperatures, but there is a substantial trade-off in increased soot emissions due to increased high temperature in rich regions. Moreover, they showed that the amount of soot formed in these regions is reduces considerably by use of multiple injections. Multiple injection schemes improve fuel-air mixing and lean out the in-cylinder mixture, thus reducing the high soot forming regions. The result of the work by Millo et al [10] showed that the use of a long route EGR system results in lower NOx emissions. Maiboom et al [11] carried out an experimental study of various effects of exhaust gas recirculation (EGR) on combustion and emissions of an automotive direct injection diesel engine and concluded that increase of inlet temperature at constant EGR rate sometimes gives an increased NO X emission, rather than a decrease, with increased inlet temperature. As a consequence, the increase of inlet temperature generated by EGR can be either positive or negative depending on operating conditions, indicating that attention should be paid during engine designing and calibration. Maiboom et al [12] experimentally studied the influence of cylinder-tocylinder variations in EGR distribution on the resulting NOx-PM trade-off at various EGR rate in an automotive high-speed direct injection diesel engine and showed that unequal EGR distribution results in increased NOx and PM emissions compared too well-mixed air and EGR gases. Furthermore, the increase in emissions is due to cylinder-to-cylinder variations in both gas composition and intake temperature. Karthikeyan et al [13] attempted to evaluate homogeneous mixing of Exhaust Gas Recirculation (EGR) with air in a LCV (Light Commercial Vehicle) diesel engine with asymmetric manifold by application numerical and experimental techniques. They concluded that at low EGR pressures, mixing of exhaust gas with air will be better for all EGR operating conditions.
As can be seen in the relevant literature, has been no numerical or experimental study of EGR distribution in turbocharged DI diesel intakes. In this work a CFD code has been used to predict EGR distribution between cylinders in both cooled and hot cases and at various rates.
EXPERIMENTAL SET-UP AND PROCEDURE
The experimental tests were carried out on a semi-heavy duty Motorsazan MT4.244 agricultural engine. This is a 3.99 L turbocharged DI diesel engine. The main specifications of the engine are given in Table 1 . Fig. 1 shows schematic diagram of experimental set-up. Table 2 shows measurement accuracy of instruments involved in the experiment for various parameters. As shown in this figure, an AVL DiCom4000 gas analyzer was used to measure CO 2 in the exhaust manifold and another was used to measure CO 2 concentrations in the cross-section of 1 and 2 cylinder intake ports in order to calculate EGR rate. Since this analyzer could not measure CO 2 of high positive pressure gases a surge tank was used to reduce pressure of inlet gas into analyzer. The accuracy of inlet and exhaust CO 2 measurements was 0.01% (by volume). To control EGR rate manually an EGR control valve was provided. To lower the temperature of the recycled exhaust gases, a cross-counter-flow shell and tube heat exchanger (EGR cooler) containing 60 tubes was designed and then was installed in the EGR loop. The hot exhaust gases were passed tube side, while cool city water passed shell side. EGR valve and the section of duct from the engine exhaust to heat exchanger were also made resistant to exhaust temperatures that are commonly in a range of 100-600 °C.
In the present study, the percentage of exhaust gas recirculation was defined by ratio of the CO 2 concentration in the intake of the engine to CO 2 concentration in the exhaust as follows:
Intake CO2 concentration EGR ratio *1 00 Exhaust CO2 concentration  As shown in Fig.1 , in order to study EGR distribution between cylinders, CO 2 measurements was carried out in the intake manifold before the intake valve of cylinders 1 and 2. Due to symmetrical configuration of intake manifold, it seems that CO 2 concentrations in inlet ports 3 and 4 are similar to 1 and 2. The operating conditions of engine in all the experiments are at rated speed of 1900 rpm (maximum power engine speed) and full load. These experiments were carried out at injection timing; 5° CA BTDC as base (conventional) injection timing and 12° CA BTDC as advanced injection timing, with hot and cooled EGR and various EGR rates from 0 up to 10%. EGR temperatures were maintained at 460-480 °C and 100-120 °C for hot and cooled EGR, respectively.
MODEL FORMULATION
The concentration of CO 2 emissions and EGR distribution proportion was calculated by Computational Fluid Dynamics (CFD) with appropriate boundary conditions. The geometry of inlet manifold used for modeling and solving the governing equations is shown in Fig. 2 . A grid independence study was carried out for the model and the mesh with 0.7 million tetrahedral cells was found to be adequate for capturing the results accurately. Fig. 2 . The intake system consists of air duct, EGR and intake manifold. 1 2
Flow through an intake manifold is dependent on the timing or crank angle positions. Unsteady state simulation can predict how an intake manifold works under real conditions. The boundary conditions are no longer constant but vary with time. These boundary conditions are obtained from experimental work. The intake system consists of air duct, EGR and intake manifold (as shown in Fig. 2) . The CFD code used a RNG k-turbulence model [14] with a few modifications was used to introduce the compressibility of fluid in universal coordinates for turbulence modeling. Furthermore, transport equations for the conservation of momentum, species and energy were used in present study, as suggested in Ref [15] .
Transport equations for the RNG k-model are as follows:
Where Γ and S are the diffusion coefficient and source term, G represents the generation of turbulence kinetic energy due to the mean velocity gradients [16] . Furthermore, the source terms of the turbulent kinetic energy and its dissipation are the same as in Ref [17] . For the simulation of two fluids namely air and exhaust gas, various quantities of 2%, 5%, 7.5%, 10.5%, 13.5% (by concentration) were used. The values of EGR components were measured by experimental test. Following boundary conditions were used for the CFD analysis:
1. Air inlet condition: Compressor temperature and outlet pressure were taken from the engine test data.
2. EGR inlet condition: Exhaust manifold pressure was measured before the exhaust gas entrance into the air duct.
3. Outlet condition: The average pressure in the respective cylinder during the intake a stroke.
RESULTS AND DISCUSSION
The aim of this section is to numerically investigate EGR distribution between cylinders under various EGR rates and at two hot and cooled states. The numerical data results were compared with corresponding experimental data measurements. As shown in Fig. 3 , the numerical data results are in good agreement with experimental data. Furthermore, Fig. 3 shows CO 2 concentration (EGR rates) in hot and cooled EGR in two cylinders. According to experimental and numerical data at lower percentage of EGR, CO 2 concentration is the same in both, but with increasing EGR percentage, CO 2 concentration differs. Fig. 4 shows the air flow and EGR into the manifold is of almost uniform distribution at cooled EGR. It is possible that at hot EGR case because of the almost similar inertia force for air and exhaust gas and incomplete mixing, EGR distribute unevenly to the engine cylinders resulting in cylinder-to cylinder variation. Also the experimental data confirm this behavior. EGR gas and Air , Volume fraction (13.5% ) EGR gas and Air , Volume fraction (2% )
Air at 25 °, superficial velocity (13.5% ) EGR gas at 450 °, superficial velocity (13.5% ) EGR gas at 100 °, superficial velocity (13.5% ) Air at 25 ° , superficial velocity (13.5% )
CONCLUSIONS
A combined of experimental and numerical study was carried out to investigate EGR distribution between cylinders of DI turbocharged diesel engine at various rates and in hot and cooled EGR cases. Numerical simulations were carried out with an appropriate turbulence model combined with equations for mass, momentum and energy.
The following results were obtained:
 EGR distribution is equal between cylinders for low EGR rates in hot and cooled cases.  Cooled EGR shows better EGR distributions compared to hot EGR particularly at high EGR rates.
According to references [12] [13] , equal EGR distribution results in an improvement in performance and reduction NOx and PM emissions when compared to non-well-mixed air and EGR gases. Such agreement between the experimental and computed results gives confidence in the model prediction, and suggests that the model can help to improve and optimize the intake systems of future turbocharged DI engine designs. Using this method, it is possible to control emissions formation and increase of performance parameters, simultaneously.
